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Surface materialWhen distinguishing illumination from reﬂectance edges, both edge blurriness and textural continuity
across an edge are generally used as cues to promote the illumination-edge interpretation. However,
when these cues were combined, i.e., when a dark spot having a blurred edge was placed on textured
backgrounds, we unexpectedly found that the spot appears stained or painted rather than differently illu-
minated (‘‘stain on texture’’ phenomenon). This phenomenon suggests a disruptive interaction between
the visual processing of blurred edges and background texture. Our experiments showed that middle spa-
tial-frequency components of background texture play a critical role in producing this interaction. Spe-
ciﬁcally, when a textured background had relatively stronger energy in middle spatial-frequency
bands, the dark spot having a blurred edge on the textured background was perceived as differing in
reﬂectance. The ﬁndings are discussed in view of multiple levels of visual processes: one mainly concerns
low-level features such as spatial-frequency components and another is a higher-level process that takes
into account the likelihood of spatial conﬁgurations in natural scenes, such as ‘‘spot shadow’’ in which the
shadow is isolated and the shadow caster is out of sight.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The interpretation of retinal image intensity is inherently
ambiguous because an inﬁnite number of combinations of illumi-
nance and surface reﬂectance can produce the same retinal image
intensity. To resolve this ambiguity, the visual system analyzes and
interprets the information about luminance edges, including cues
for distinguishing illumination from reﬂectance edges.
Several cues for luminance-edge classiﬁcation have been indi-
cated in previous studies (reviewed by Gilchrist, 2006; Kingdom,
2008). One important cue is edge blurriness (Fig. 1a) (Adelson,
1995; Agostini & Galmonte, 2002; Elder et al., 2004; Hering,
1874/1964; Hillis & Brainard, 2007; Land & McCann, 1971). In nat-
ural lighting conditions other than point light sources, an edge of a
shadow tends to be blurred because the edge of a shadow caster
obstructs only some of the light from the illuminant. Traditionally,
Hering (1874/1964) demonstrated that covering a blurred edge ofa shadow, called a ‘‘penumbra,’’ with a black sharp band makes the
shadowed region appear as a reﬂectance change. He thus sug-
gested that edge blurriness could be a cue for interpreting the edge
as an illumination edge. In addition, it has been shown that the
illumination-edge interpretation promoted by edge blurriness
could, in turn, change lightness perception (Adelson, 1995;
Agostini & Galmonte, 2002; Hillis & Brainard, 2007) and three-
dimensional shape perception (Elder et al., 2004).
Another cue is textural continuity across a luminance edge (tex-
tural continuity in short, hereafter) (Fig. 1b) (Anderson, Singh, &
Meng, 2006; Lotto & Purves, 2001; Schoﬁeld et al., 2006;
Schoﬁeld et al., 2010). As an illumination change projected on a
textured background multiplicatively affects retinal image inten-
sity in general, the spatial pattern of the texture remains consistent
across the illumination edge. Some studies have shown that the
textural continuity could promote the illumination-edge interpre-
tation (Anderson et al., 2006; Schoﬁeld et al., 2006, 2010) and
thereby change lightness perception (Lotto & Purves, 2001). In
addition to edge blurriness and textural continuity, consistency
of color (Kingdom, 2003, 2008), depth (Gilchrist, 1977; Gilchrist,
1980) or motion (Kersten et al., 1996; Knill Kersten, &
Mamassian, 1996, chap. 6; Weiss, 2001) across a luminance edge
Fig. 1. Edge classiﬁcation cues and stain-on-texture phenomenon. (a) Edge
blurriness and (b) textural continuity across an edge are used as cues for
interpreting the edge as an illumination edge. However, (c) the combination of
the two cues, i.e., the dark spot having a blurred edge on the textured background is
interpreted as differing in reﬂectance like a stain would.
1 In this and other experiments (Experiments 2, 3, & 5), the perception of a shadow
and that of a dark ﬁlter were not differentiated in the illumination judgment.
However, they were separately rated in Experiment 4.
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interpretation.
In natural viewing conditions, these multiple cues coexist in a
visual image, and thus integrating information across the multiple
cues would be crucial for improving the luminance-edge classiﬁca-
tion. To better understand this integration of multiple cues, we
started to investigate the combined effects of edge blurriness and
textural continuity and found a new phenomenon, which we call
‘‘stain on texture’’: when we combined the two cues and placed
a dark spot having a blurred edge on textured backgrounds
(Fig. 1c), the spot appeared stained or painted rather than differ-
ently illuminated. We had expected that combining the two cues
would make the illumination-edge interpretation more robust,
because either cue promotes the illumination-edge interpretation.
However, an opposite effect was observed, which suggests a dis-
ruptive interaction between the visual processing of edge blurri-
ness and background texture.
To elucidate the nature of the interaction and the combined
effects of edge blurriness and textural continuity in general, the
present study explored the factors that could produce the stain-
on-texture phenomenon. As edge blurriness poses difﬁculties in
directly modulating textural continuity across the edge, e.g., mod-
ulating the phase of textural components across the edge, the type
of texture was varied to investigate the interaction between edge
blurriness and textural continuity. The popular checker-shadow
illusion (Adelson, 1995) and related studies (Agostini &
Galmonte, 2002; Hillis & Brainard, 2007) suggest that the stain-
on-texture phenomenon would not be observable on all types of
textured backgrounds. This is because in the checker-shadow illu-
sion, a dark blurred region placed on a coarse-checker background
is perceived as a shadow, and thus a gray patch in the shadowed
region appears lighter because the shadow component is dis-
counted. This observation implies that speciﬁc combinations of
textured backgrounds and blurred edges would be critical for pro-
ducing the stain-on-texture phenomenon. Thus, we ﬁrst investi-
gated the phenomenon using several different types of textured
backgrounds.2. Experiment 1
In the ﬁrst experiment, we quantiﬁed the stain-on-texture phe-
nomenon using uniform and three textured backgrounds.
2.1. Methods
2.1.1. Observers
Seven observers, who were naïve to the purpose of the experi-
ment and had normal or corrected to normal visual acuity, partic-
ipated in Experiment 1.
2.1.2. Apparatus
The stimuli were generated using Matlab 7.1 in conjunction
with the Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997).
They were displayed on an accurately calibrated 22-inch TOTOKU
color monitor (CV921X) driven by an NVIDIA video card with a
pixel resolution of 1280  1024 and a frame rate of 100 Hz. The
intensity of each phosphor could be varied with 10-bit resolution.
A chin/forehead rest was used to maintain a viewing distance of
57 cm. The experiment was run in a dark room.
2.1.3. Stimuli and procedure
Four types of backgrounds of 12  12 were used: ‘‘fabric,’’
‘‘marble,’’ coarse-checker, and uniform backgrounds (Fig. 2a). A
dark circular region (4 in diameter), which simulated a cast sha-
dow in terms of luminance contrast, was placed at the center of
the background. The fabric and the marble background were taken
from the McGill Calibrated Colour Image Database (http://tabby.
vision.mcgill.ca; Olmos & Kingdom, 2004), and the original images
were converted to gray scale. Although the materials of these back-
grounds were not explicitly indicated in the database, we named
them ‘‘fabric’’ and ‘‘marble’’ backgrounds on the basis of their
appearances. The spatial-frequency composition of these back-
grounds is shown in Fig. 4. We ﬁrst found the stain-on-texture phe-
nomenon with the fabric background and thus selected it for
investigation. As the fabric background had the anisotropic orien-
tation distribution, the marble background having a nearly isotro-
pic one was also selected. The coarse-checker background was
chosen to reproduce a situation similar to the checker-shadow illu-
sion (Adelson, 1995). The check size was 3 deg (check frequency
was 0.17 c/deg). The mean luminance of each background was
9 cd/m2. RMS contrasts of fabric, marble, and checker backgrounds
were 0.86, 0.59, and 0.77, respectively. The uniform background
consisted of a plain ﬁeld of 9 cd/m2.
The edge of a dark center region was either sharp or blurred.
Under the sharp-edge condition, the luminance of the center
region was multiplicatively reduced to 40%. Under the blurred-
edge condition, the edge of the center region was blurred by a
cosine window with the blur width of 200 or 400. The size of the
dark spot was ﬁxed to 4 in diameter in this study, because we pre-
liminarily conﬁrmed that the spot size did not matter much if we
used a circular isolated spot.
The rating tasks involved illumination and reﬂectance judg-
ments. In the illumination judgment, observers rated to what
extent they felt the center region on a background had resulted
from a change in illumination (e.g., a shadow) or transparency
(e.g., a dark ﬁlter) on a ﬁve-point scale1. In the reﬂectance judg-
ment, they rated to what extent they felt the center region had
resulted from a change in reﬂectance (e.g. a stain or paint) on a
ﬁve-point scale. A rating of 5 on the scale meant that the center
region deﬁnitely appeared differently illuminated (or stained); a rat-
Fig. 2. Stimulus conditions and results of Experiment 1. (a) The dark spot having a sharp (00) or a blurred (200 or 400) edge was placed on textured backgrounds (fabric, marble,
checker, or uniform). (b) Ratings of the illumination (left) or the reﬂectance judgment (right) plotted as a function of blur width of the edge. Different symbols indicate the
results in different background conditions as shown in the legend. Error bars indicate ± 1 SEM across observers.
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minated (or stained) at all; and a rating of 3 meant uncertainty about
the cause. Two different types of rating may have been conducted
simultaneously by using a bipolar scale, e.g., ‘‘deﬁnitely illuminated’’
on one extreme and ‘‘deﬁnitely differed in reﬂectance’’ on the other
extreme. However, preliminary experiments with the bipolar scale
revealed that the illumination and the reﬂectance rating were not
mutually exclusive, and the observers complained of the rating task
being difﬁcult. Thus, we adopted the present unipolar scale speciﬁc
to the illumination and the reﬂectance judgment. When explaining
the illumination and the reﬂectance judgment task to the observers,
we explicitly used the terms of ‘‘stain,’’ ‘‘paint,’’ ‘‘shadow,’’ and ‘‘dark
ﬁlters’’ while presenting real examples; i.e., papers whose center
regions were stained, painted, covered with a shadow cast by a real
object, or covered by a dark ﬁlter.
At the beginning of a daily session, the observers dark-adapted
for at least 5 min and then preadapted to the uniform background
for 2 min. The illumination and the reﬂectance judgment were
blocked and two consecutive blocks of each judgment were
repeated four times. Within each block, all stimulus conditions
were tested once in a pseudo random order. Thus, each stimulus
condition was tested eight times in total for each observer. Theorder of the illumination and the reﬂectance judgment was coun-
terbalanced across different observers.2.2. Results and discussion
In Fig. 2b, ratings of the illumination (left) and the reﬂectance
judgment (right) are plotted as a function of blur width, which
were averaged across different observers. The results for each
observer in this and following experiments were shown in the Sup-
plementary ﬁgures (Figs. S1–S5).
It is clear that the perception of the dark spot differed on differ-
ent types of textured backgrounds. The results for the checker
background (squares) varied similarly as a function of blur width
to those on the uniform background (diamonds), but differently
from those on the fabric and the marble background (triangles
and circles, respectively). The usual effect of edge blurriness to pro-
mote the illumination-edge interpretation was found in the results
for the uniform and the checkerboard background. The illumina-
tion ratings were higher on these backgrounds when the edge of
the dark spot was blurred than when it was sharp (Fig. 2b left,
squares and diamonds), although the effect was weak on the uni-
Fig. 3. Stimulus conditions and results of Experiment 2. (a) The dark spot having a sharp (00) or a blurred (200 or 400) edge was placed on several checker backgrounds (0.17–
9 c/deg) or on a uniform background. (b) Ratings of the illumination (left) or the reﬂectance judgment (right) plotted as a function of check frequency. Different symbols
indicate the results for different blur widths as shown in the legend. Error bars indicate ± 1 SEM across observers.
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in Fig. 2b right). Moreover, the usual effect of textural continuity
was also found in the sharp-edge condition; the illumination rat-
ings were higher on textured backgrounds than on the uniform
background (the leftmost data points in Fig. 2b left).
In contrast, combining edge blurriness with background tex-
tures produced different results for the fabric and the marble back-
ground (Fig. 2b, triangles and circles); the dark spot having a
blurred edge was perceived as differing in reﬂectance, rather than
as differently illuminated. Thus, the stain-on-texture phenomenon
was observed on these textured backgrounds.
We conﬁrmed that these tendencies were statistically signiﬁ-
cant using a two-way repeated-measures ANOVA for the illumina-
tion and the reﬂectance judgment, with background condition
(fabric, marble, checker, or uniform), and blur width (00, 200, or
400) as the within-subject variable. In the illumination judgment,
the main effect of the background condition and the interaction
were statistically signiﬁcant (F(3,18) = 22.87, p < .0001 and
F(6,36) = 9.30, p < .0001, respectively), but the main effect of the
blur width was not (F(2,12) = 0.69, n.s.). The post hoc analysis of
the interaction and multiple comparison tests using Ryan’s method
(a = 0.05) showed that on the fabric and the marble background,
the ratings for the blurred edges (200 or 400) were statisticallylower than those for the sharp (00) edge. In contrast, on the checker
and the uniform background, the relation was opposite; i.e., the
ratings for the blurred edges were statistically higher than those
for the sharp edge. No signiﬁcant difference was found between
the ratings for differently blurred edges (200 and 400) on all types
of backgrounds. The same post hoc analysis and multiple compar-
ison tests showed that in the sharp-edge condition the ratings for
the fabric background were statistically higher than those for the
uniform background. In the reﬂectance judgment, the main effects
and the interaction were all statistically signiﬁcant (the main effect
of the background condition: F(3,18) = 13.51, p < .0001; the main
effect of the blur width: F(2,12) = 19.12, p < .0005; and the interac-
tion: F(6,36) = 10.22, p < .0001). The post hoc analysis of the inter-
action and multiple comparison tests using Ryan’s method
(a = 0.05) showed that on the fabric and the marble background,
the ratings for the blurred edges were statistically higher than
those for the sharp edge.
Thus, the results of Experiment 1 quantitatively conﬁrmed the
stain-on-texture phenomenon. Moreover, the results also sug-
gested that the interaction between edge blurriness and textural
continuity differed on different textured backgrounds and that
the phenomenon could be observed on some limited types of tex-
tured backgrounds. As the checker background used in this exper-
Fig. 4. The relative power spectra of the fabric, marble, or checker background used in Experiment 1.
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(Adelson, 1995; Hillis & Brainard, 2007) was spatially coarse, there
is a possibility that the spatial frequency of textured backgrounds
plays a critical role in producing the phenomenon. We next inves-
tigated this possibility.3. Experiment 2
In Experiment 2, we further investigated the properties of tex-
tured backgrounds that are critical in producing the stain-on-tex-
ture phenomenon. Speciﬁcally, we investigated the effects of the
spatial frequency of a checker background on the phenomenon.
3.1. Methods
3.1.1. Observers
Five observers, who were naïve to the purpose of the experi-
ment and had normal or corrected to normal visual acuity,
participated.
3.1.2. Stimuli and procedure
Seven checker backgrounds as well as a uniform background
were used in Experiment 2 (Fig. 3a). The check frequency ranged
from 0.17 c/deg (used in Experiment 1) to 9 c/deg. The range of
frequency was determined based on the results of preliminary
experiments and Experiment 1. The edge of a dark center region
was either sharp (00) or blurred (200 or 400). The rating tasks of
the illumination and the reﬂectance judgment were conducted
as in Experiment 1. The other methods were the same as in
Experiment 1.
3.2. Results and discussion
In Fig. 3b, ratings of the illumination (left) and the reﬂectance
judgment (right) are plotted as a function of check frequency,
which were averaged across different observers. As in Experiment1, when the check frequency of the background was low (0.17 c/
deg), the illumination ratings were higher in the blurred-edge con-
dition (Fig. 3b, left, ﬁlled squares and circles) than in the sharp-
edge condition (Fig. 3b, left, open diamonds). Moreover, when
the check frequency was within a middle range of about 0.5–2 c/
deg, the illumination ratings became lower and the reﬂectance rat-
ings became higher in the blurred-edge condition, suggesting that
the dark spot having the blurred edge appeared differing in reﬂec-
tance like a stain would (Fig. 3b, ﬁlled squares and circles). This
tendency was clearer when the blur width was 400. When the
check frequency was high (4.5 and 9 c/deg), the illumination rat-
ings became higher again. When the dark spot had a sharp edge
(diamonds), both the illumination and the reﬂectance ratings did
not change much with check frequency, which is consistent with
the interpretation that the effects of the check frequency found
in the blurred-edge condition reﬂected the interaction between
blurred edges and background textures
We conﬁrmed that these tendencies were statistically signiﬁ-
cant using a two-way repeated-measures ANOVA for the illumina-
tion and the reﬂectance rating, with check frequency (uniform, or
0.17–9 c/deg) and blur width (00, 200, or 400) as the within-subject
variables. For the illumination rating, the main effects of both the
check frequency and the blur width and their interaction were sta-
tistically signiﬁcant (F(7,28) = 8.92, p < .0001; F(2,8) = 7.90, p < .05;
F(14,56) = 7.33, p < .0001, respectively). The post hoc analysis of
the interaction and multiple comparison tests using Ryan’s method
(a = 0.05) showed that when the edge of the dark spot was blurred
(200 or 400), the ratings for the check frequencies of 0.5–2 c/deg
were statistically higher than those for other frequencies. For the
reﬂectance rating, the main effect of the check frequency and the
interaction were statistically signiﬁcant (F(7,28) = 4.96, p < .001;
F(14,56) = 3.51, p < .0005, respectively), while the main effect of
the blur width was not (F(2,8) = 1.31, n.s.). The post hoc analysis
of the interaction and multiple comparison tests using Ryan’s
method (a = 0.05) showed that when the blur width of the edge
was 400, the ratings for the check frequencies of 0.5–2 c/deg were
statistically higher than those for the check frequencies of 0.17
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the check frequency of 1 c/deg was statistically higher than those
for the check frequencies of 0.17, 2, and 9 c/deg.
These results indicate that the stain-on-texture phenomenon
can be observed when the check frequency of the background
was in the middle. This implies that different results for different
textured backgrounds found in Experiment 1 reﬂected quantita-
tive, rather than qualitative, differences in the properties of the
textured backgrounds. Image analyses of the textured backgrounds
are also consistent with the interpretation. The fast Fourier trans-
form (FFT) of the three textured backgrounds used in Experiment
1 was calculated using the Matlab Image Processing toolbox.
Fig. 4 shows the power spectrum of each textured background.
Although the fabric and the marble background have strong energy
in middle spatial-frequency bands around 0.5–2 c/deg, the power
spectrum of the checker background exhibits a sharp peak at low
spatial frequency and this background has much weaker energy
in the middle spatial-frequency bands.4. Experiment 3
If middle spatial-frequency components of the background tex-
ture play a critical role in producing the stain-on-texture phenom-
enon, middle-pass spatial ﬁltering of the three textured
backgrounds used in Experiment 1 would produce different results
depending on spatial composition of textured backgrounds. Mid-
dle-pass ﬁltering of the fabric and the marble background would
not change the results much because these backgrounds already
contain strong energy in middle spatial-frequency bands. Thus,
the stain-on-texture phenomenon would still be observed. In con-
trast, the middle-pass ﬁltering could make the checker background
more suitable to the stain-on-texture phenomenon by extracting
critical spatial components from the background texture, so that
the phenomenon might be observable even on this background.
Overall, the results for different textured backgrounds are expected
to become similar to each other after ﬁltering. We investigated
these predictions in Experiment 3.
4.1. Methods
4.1.1. Observers
Seven observers, who were naïve to the purpose of the experi-
ment and had normal or corrected to normal visual acuity,
participated.
4.1.2. Stimuli and procedure
The same fabric, marble and coarse-checker backgrounds as in
Experiment 1 were used in Experiment 3. We used a spatial-fre-
quency ﬁlter with a bandwidth of 0.5–2 c/deg to ﬁlter out lower
and higher spatial-frequency components from the backgrounds.
RMS contrasts of the ﬁltered fabric, marble, and checker back-
grounds  0.53, 0.32, and 0.31, respectively  were lower than
those of the original backgrounds. After middle-pass ﬁltering, a
dark spot having a sharp (00) or a blurred (200 or 400) edge was
placed on the backgrounds (Fig. 5a). The rating tasks of the illumi-
nation and the reﬂectance judgment were conducted as in Experi-
ments 1 and 2. The other methods were the same as those in the
ﬁrst two experiments.
4.2. Results and discussion
Fig. 5b shows ratings for the illumination (left) and the reﬂec-
tance judgment (right) plotted as a function of blur width, which
were averaged across different observers. Overall, when the
textured backgrounds were middle-pass ﬁltered, the results fordifferent backgrounds became very similar to each other, and thus
were consistent with the predictions. Particularly, the results for
the checker background (squares) considerably changed by mid-
dle-pass ﬁltering (see also Fig. 2 for the original results), although
the results for the fabric (triangles) and the marble (circles) back-
ground did not change much. On the ﬁltered backgrounds, the
reﬂectance ratings were high in the blurred-edge conditions
(Fig. 5b, right) while the illumination ratings were low (Fig. 5b,
left), which suggested that the dark spot having a blurred edge
was perceived as differing in reﬂectance. This tendency was clearer
when the blur width was 400. Thus, the stain-on-texture phenom-
enon was found on all three ﬁltered backgrounds. In contrast, in
the sharp-edge condition, the illumination ratings were very high
(Fig. 4b, left) while the reﬂectance ratings were very low (Fig. 4b,
right). Thus, the sharp edges on the ﬁltered backgrounds were
clearly perceived as illumination edges.
We conﬁrmed that these tendencies were statistically signiﬁ-
cant using a two-way repeated-measures ANOVA for the illumina-
tion and the reﬂectance judgment, with background condition
(fabric, marble, or checker) and blur width (00, 200, or 400) as the
within-subject variables. In the illumination judgment, the main
effect of blur width was statistically signiﬁcant (F(2,12) = 41.71,
p < .0001), but the main effect of the background condition and
the interaction were not (F(2,12) = 0.84, n.s., and F(4,24) = 1.13,
n.s., respectively). The multiple comparison tests using Ryan’s
method (a = 0.05) showed that the ratings in the blurred-edge con-
ditions (200 or 400) were statistically lower than those in the sharp-
edge condition (00). Similarly, in the reﬂectance judgment, the
main effect of the blur width was statistically signiﬁcant
(F(2,12) = 54.57, p < .0001), but the main effect of the background
condition and the interaction were not (F(2,12) = 1.50, n.s., and
F(4,24) = 2.30, n.s., respectively). The multiple comparison tests
using Ryan’s method (a = 0.05) showed that the ratings for the blur
width of 400 were the highest, followed by those for the blur width
of 200 and then those for the sharp edge.
These results suggest the importance of the middle spatial-fre-
quency components for producing the stain-on-texture phenome-
non. However, to more ﬁrmly support this importance, we
investigated whether the phenomenon could not be observed if
the middle spatial-frequency components were absent in the back-
ground textures.5. Experiment 4
In Experiment 4, we had attempted to investigate whether the
stain-on-texture phenomenon could be observed when the tex-
tured backgrounds were low-pass or high-pass ﬁltered. However,
this investigation turned out to be difﬁcult. We ﬁrst found that
low-pass ﬁltered backgrounds appeared very different from the
original backgrounds. They appeared not as surfaces but more like
fog or mist, and a dark spot placed on the backgrounds appeared
like a dark disk ﬂoating in a foggy space. Thus, both the illumina-
tion and the reﬂectance judgment were almost impossible on these
backgrounds. Then, we next attempted to investigate the stain-on-
texture phenomenon on the textured backgrounds that were com-
posed of only low and high spatial-frequency components. How-
ever, even though middle spatial-frequency components were
ﬁltered out from the backgrounds, spatial modulation similar in
spatial scale to the original texture was still perceived in the ﬁl-
tered fabric background. This modulation may be accounted for
by amplitude-modulation components that are not present in the
Fourier spectrum, but to which second-order mechanisms in our
visual system are sensitive (Kovács & Fehér, 1997). Irrespective
of the causes of this spatial modulation, its presence could compli-
cate the interpretation of results. Thus, to avoid the complication,
Fig. 5. Stimulus conditions and results of Experiment 3. (a) The dark spot having a sharp (00) or a blurred (200 or 400) edge was placed on ﬁltered backgrounds (fabric, marble,
or checker). (b) Ratings of the illumination (left) or the reﬂectance judgment (right) plotted as a function of blur width of the edge. Different symbols indicate the results in
different background conditions as shown in the legend. Error bars indicate ± 1 SEM across observers.
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non using simple grating and plaid backgrounds.
Furthermore, to clarify what the observers perceived, the per-
ception of a shadow (i.e., illumination change) and that of a dark
ﬁlter (i.e., transparency) were differentiated in this experiment.
Thus, the observers were asked to carry out three rating tasks
involving illumination, transparency, and reﬂectance judgments.5.1. Methods
5.1.1. Observers
Four observers, who were naïve to the purpose of the experi-
ment and had normal or corrected to normal visual acuity,
participated.5.1.2. Stimuli and procedure
Grating and plaid backgrounds had the spatial frequency of 1, 2,
or 4 c/deg (Fig. 6a). As in the previous experiments, a dark spot
having a sharp (00) or a blurred (200 or 400) edge was placed on
the backgrounds. The backgrounds of lower spatial frequencies
would have been useful to elucidate the effects of spatial frequency
on the stain-on-texture phenomenon, but they produced ‘‘a-dark-
disk-in-a-foggy-space’’ appearance mentioned above and thuswere not included. The highest spatial frequency was set to 4 c/
deg, because Experiment 2 showed that the results for 4.5 c/deg
were qualitatively similar to those for 9 c/deg (Fig. 3).
The rating tasks of illumination, transparency, and reﬂectance
judgments were conducted after demonstrating to the observers
the appearances of a stain, paint, shadow, and dark ﬁlter by pre-
senting real examples as in the previous experiments. In the illumi-
nation or the reﬂectance judgment, observers rated to what extent
they felt the center region on a background had resulted from a
change in illumination (e.g., a shadow) or from a change in trans-
parency (e.g., a dark ﬁlter), respectively. The reﬂectance judgment
was the same as that in the previous experiments. The different
rating tasks were blocked and two consecutive blocks of each task
were repeated three times. Within each block, all stimulus condi-
tions were tested once in a pseudo random order. Thus, each stim-
ulus condition was tested six times in total for each observer.5.1.3. Apparatus
Experiment 4 was run using a different set of apparatus from
that used in the other experiments. It was composed of a 22-inch
Mitsubishi color monitor (RDF223H) driven by an NVIDIA video
card with a pixel resolution of 1600  1200 and a frame rate of
85 Hz. The intensity of each phosphor was controlled with 10-bit
Fig. 6. Stimulus conditions and results of Experiment 4. (a) Grating and plaid backgrounds had the spatial frequency of 1, 2, or 4 c/deg. Here, only the stimuli having the
blurred edge of 400 were shown. (b) Ratings of the illumination (left), transparency (center) or reﬂectance judgment (right) plotted as a function of blur width of the edge.
Different symbols indicate the results in different spatial-frequency conditions as shown in the legend. Error bars indicate ± 1 SEM across observers.
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those in the previous experiments. The other methods were the
same as in the previous experiments.
5.2. Results and discussion
In Fig. 6b, ratings for the illumination (left), transparency (cen-
ter) and reﬂectance judgment (right) are plotted as a function of
blur width, which were averaged across different observers. Essen-
tially, similar results were found for both the grating and the plaid
backgrounds. Distinguishing the illumination and the transparent
judgment revealed that the appearance of a dark ﬁlter was very
speciﬁc to the stimuli in the sharp-edge condition. The transparent
ratings were very high in this condition (Fig. 6b, center), while the
illumination and the reﬂectance ratings were very low (Fig. 6b, left
and right, respectively). Thus, the results indicate that the stimuli
in the sharp-edge condition were almost exclusively perceived as
a dark ﬁlter.
In the blurred-edge conditions, both the illumination and the
reﬂectance ratings became higher than those in the sharp-edge
condition (Fig. 6b, left and right). But it should be noted that the
effects of the spatial frequency of the background were differentin the illumination and the reﬂectance ratings. When the spatial
frequency of the background was 4 c/deg (circles), the illumination
ratings were high and the reﬂectance ratings were in the midrange.
In contrast, when the frequency of the background was 1 c/deg (tri-
angles), the illumination ratings were low and the reﬂectance rat-
ings were high. These tendencies were clearer when the blur width
was 400. The results for the background of 2 c/deg were in between
the results for these two backgrounds in the illumination ratings,
but they were more similar to the results for the background of
4 c/deg in the reﬂectance ratings. These results suggest that blur-
ring the edge of a dark spot makes the illumination-edge (shadow)
interpretation more prominent on a higher-frequency background
(i.e., the usual effect of edge blurriness), whereas it promotes the
reﬂectance-edge interpretation on a middle-frequency background
(i.e., stain-on-texture phenomenon). Overall, these results are con-
sistent with the hypothesis that the stain-on-texture phenomenon,
or the interpretation of luminance edges in general, critically
depends on the spatial frequency of the background.
These ﬁndings were statistically conﬁrmed by using a three-
way repeated-measures ANOVA for the illumination, transparency
and reﬂectance judgment, with background condition (grating or
plaid), spatial frequency (1, 2, or 4 c/deg) and blur width (00, 200,
M. Sawayama, E. Kimura / Vision Research 109 (2015) 209–220 217or 400) as the within-subject variables. The results of the analysis
were described in the Supplementary results (Tables S1–S3).
6. Experiment 5
In the ﬁnal experiment, we investigated the effects of the width
of the edge blur on the stain-on-texture phenomenon. In most of
the previous experiments, the phenomenon was more salient
when the blur width was 400. These results suggest that wider blur
may further promote the reﬂectance-edge interpretation on tex-
tured backgrounds. This possibility was examined in this
experiment.
6.1. Methods
6.1.1. Observers
Four observers, who were naïve to the purpose of the experi-
ment and had normal or corrected to normal visual acuity,
participated.
6.1.2. Stimuli and procedure
A dark spot having a sharp (00) or a blurred (400, 800, or 1200)
edge was used in Experiment 5. The spot was placed on the marble
background used in Experiment 1 or on the ﬁltered marble back-
ground used in Experiment 3 (Fig. 7a). The rating tasks of theFig. 7. Stimulus conditions and results of Experiment 5. (a) The dark spot having a sharp (
Experiment 1 or on the ﬁltered marble background used in Experiment 3. (b) Ratings of th
width of the edge. Different symbols indicate the results in different background conditillumination and the reﬂectance judgment were conducted as in
Experiment 1. The other methods were the same as those in Exper-
iment 1.
6.2. Results and discussion
Fig. 7b shows ratings for the illumination (left) and the reﬂec-
tance judgment (right) plotted as a function of blur width, which
were averaged across different observers. The results show that
the illumination ratings were lower in the blurred-edge conditions
than in the sharp-edge condition, while the reﬂectance ratings
were higher in the blurred-edge conditions than in the sharp-edge
condition. The ratings did not change much with the blur width.
These results suggest that irrespective of blur width up to 1200
the dark spot having a blurred edge was perceived as differing in
reﬂectance. The original and ﬁltered backgrounds produced similar
results.
The ratings were analyzed with a two-way repeated-measures
ANOVA for the illumination and the reﬂectance judgment, with
background condition (original or ﬁltered) and blur width (00, 400,
800, or 1200) as the within-subject variables. In the illumination
judgment, the main effect of the blur width was statistically signif-
icant (F(3,9) = 43.11, p < .0001), but the main effect of the back-
ground condition and the interaction were not (F(1,3) = 0.58, n.s.,
and F(3,9) = 2.29, n.s., respectively). The multiple comparison tests00) or a blurred (400 , 800 , or 1200) edge was placed on the marble background used in
e illumination (left) or the reﬂectance judgment (right) plotted as a function of blur
ions as shown in the legend. Error bars indicate ± 1 SEM across observers.
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blurred edges (400, 800 or 1200) were statistically lower than those
for the sharp (00) edge, and there was no signiﬁcant difference
between the rating values for differently blurred edges. Similarly,
in the reﬂectance judgment, the main effect of the blur width
was statistically signiﬁcant (F(3,9) = 47.76, p < .0001), but the main
effect of the background condition and the interaction were not
(F(1,3) = .001, n.s., and F(3,9) = 1.09, n.s., respectively). The multiple
comparison tests using Ryan’s method (a = 0.05) showed that the
ratings for the blurred edges (400, 800 or 1200) were statistically
higher than those for the sharp (00) edge, and there was no signif-
icant difference among the rating values for differently blurred
edges. Thus, these results suggest that the stain-on-texture phe-
nomenon does not depend on speciﬁc combinations of the blur
width of luminance edges and the spatial composition of textured
background when the blur width was broad.7. General discussion
The present study demonstrated that combining edge blurri-
ness and textural continuity could lead to the reﬂectance-edge
interpretation (stain-on-texture phenomenon). Because each of
the two cues alone promotes the illumination-edge interpretation
as also conﬁrmed in this study, the stain-on-texture phenomenon
implies a disruptive interaction between the processing of blurred
edges and background texture. Experiment 1 showed that this
interaction varies with types of background texture: a dark spot
having a blurred edge on the fabric or the marble background
appeared stained, but the spot on the coarse-checker background
appeared differently illuminated. Experiments 2–4 showed that
the effects of background texture are mainly attributable to spatial
composition of the texture. Particularly, the middle spatial-fre-
quency components (higher than 0.5 c/deg and lower than 4 c/
deg) of the background texture are critical for the stain-on-texture
phenomenon. Furthermore, the present study also showed that the
stain-on-texture phenomenon can be observed over a wide range
of blur width from 200 to 1200 examined in this study, although
the phenomenon seemed to become more salient for the blur
width above 400. Overall, the present results suggest that the inter-
pretation of luminance edges depends on spatial interaction
between edge blurriness and background texture. Speciﬁc tuning
to blur width was not obvious in this study, but drawing conclu-
sions about this requires more systematic investigations of the
spatial interaction.Fig. 8. (a) Demonstration of the stain-on-texture phenomenon using a real cast shadow
string to cast a ‘‘spot shadow’’ on a textured background. Even when the physical prop
consistent with a real shadow, the spot shadow was perceived as a stain.By distinguishing between the perception of a shadow and that
of a dark ﬁlter, Experiment 4 revealed that the appearance of a dark
spot on textured backgrounds systematically varies with the com-
bination of blurriness of the edge and spatial frequency of back-
ground texture. A dark-ﬁlter percept is very speciﬁc to the
stimuli having a sharp edge and does not depend much on the spa-
tial composition of the background texture used in Experiment 4
(Fig. 6b, center). The results of the transparent ratings in Experi-
ment 4 are similar to those of the illumination ratings for all ﬁl-
tered backgrounds in Experiment 3 (Fig. 5b, left) and those for
the fabric and the marble background in Experiment 1 (Fig. 2b,
left). Although the shadow and the dark-ﬁlter percept were not dif-
ferentiated in the illumination ratings in Experiments 1 and 3, the
similarities suggest that the higher illumination ratings in these
conditions mainly reﬂected the dark-ﬁlter percept. On the other
hand, a shadow percept became more salient for the combination
of blurred edges and higher spatial-frequency backgrounds
(Fig. 6b, left). The dependency of the ratings on blur width was
similar to that found for the uniform and the checker background
in Experiment 1 (Fig. 2b, left). Taking the results of Experiment 2
into consideration that the checker backgrounds composed of ﬁne
(as well as coarse) check frequencies produced similar results to
those found with the uniform background (Fig. 3b, left), higher illu-
mination ratings for the uniform and the checker background in
Experiment 1 may have reﬂected the shadow percept. Phenomenal
reports by new naïve observers are consistent with these interpre-
tations of the illumination ratings in Experiments 1 and 3.
One might argue that the stain-on-texture phenomenon is an
artifact of the present stimulus manipulation. That is, we simply
reduced the luminance of a center spot in a multiplicative fashion
to simulate a cast shadow and this manipulation may have not
been sufﬁcient to support the perception of shadow. However,
even when a real shadow was projected on textured backgrounds,
it was not perceived as a shadow but as a stain (Fig. 8). The stain-
on-texture phenomenon with a real cast shadow has been success-
fully demonstrated at several academic meetings (e.g., Sawayama
& Kimura, 2012). These ﬁndings argue against the idea that the
stain-on-texture phenomenon can be observed only with artiﬁcial
stimuli.
Although the stain-on-texture phenomenon can be observed
with a real shadow, spatial conﬁguration of the dark region needs
to be speciﬁc. We used the ‘‘spot shadow’’ conﬁguration in which
the shadow is isolated and the shadow caster is out of sight. This
conﬁguration is rarely encountered in natural scenes. We speculateand (b) photograph of the setup with a shadow caster. A sphere was hung with a
erties such as interreﬂection of a surface, slope of an edge, and color, were exactly
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these speciﬁc spatial conﬁgurations in natural scenes. In fact, sev-
eral previous studies demonstrated that the likelihood of stimulus
conﬁguration could be critical for the perception of cast shadows
or other visual properties (Kersten et al., 1996; Knill, Kersten, &
Mamassian, 1996; Purves, Wojtach, & Lotto, 2011). For instance,
Kersten et al. (1996) showed that moving a cast shadow produced
illusory three-dimensional motion of the shadow casting object
and that the effects of shadow movement depended on how well
the illumination conditions, such as the direction of illumination
and the type of light source, support the perception of shadow.
Thus, a promising direction of future research on the stain-on-tex-
ture phenomenon would be to investigate the effects of stimulus
manipulation changing the likelihood of spatial conﬁguration in
natural scenes (e.g., making the shape of stain less likely to occur
in natural scenes).
In addition to higher order processing concerning the likelihood
of stimulus conﬁguration, the present ﬁndings suggest that low-
level spatial processing plays a crucial role in the stain-on-texture
phenomenon. Although our results do not support a particular
mechanism mediating the effects of the middle spatial-frequency
components of background texture, one possible mechanism con-
cerns the detection of blurred edges of a cast shadow. Speciﬁcally,
disentangling the blurred edges from background texture may crit-
ically depend on these spatial-frequency components. Similar
dependency of the detection of luminance gradient has been
reported in a previous shape-from-shading study (Sakai,
Narushima, & Aoki, 2006). Speciﬁcally, Sakai et al. (2006) showed
that two-dimensional random textures composed of middle to
high spatial-frequency components disrupt the processing of lumi-
nance gradients when, as in the present stimuli, the luminance
contrast of the texture is high.
Another possible mechanism, which is not mutually exclusive
to the ﬁrst one, concerns the scission process that decomposes a
shadowed region into illumination and reﬂectance components
(Anderson et al., 2006; Metelli, 1974). When a luminance edge
on textured backgrounds is interpreted as an illumination edge,
the decomposition would be initiated and propagated into the
region delineated by the illumination edge. This process may be
disrupted when the edge is blurred and the background texture
has higher energy in middle spatial-frequency bands. This possibil-
ity can be understood in the context of blur processing in depth
perception. It has been shown that edge blur is also important
for disambiguating depth ordering of different regions (Marshall
et al., 1996; Mather, 1996; Mather & Smith, 2002). Retinal images
of objects nearer or farther than the ﬁxation plane are blurred
depending on their relative distance from the ﬁxation plane. How-
ever, because the blur is not signed, depth ordering cannot be
resolved on the basis of the blur within the object region (region
blur) alone. This ambiguity may be clariﬁed by using edge blurri-
ness. If the border (edge) between blurred and sharper regions is
blurred, it must be assigned to the blurred region, which indicates
that the blurred region should be nearer than and occluding the
sharper region. However, if the border is sharp, it must be assigned
to the sharper region, which indicates that the sharper region
should be nearer than and occluding the blurred region. This
blur-mediated depth ordering depends on the combination of edge
blur and region blur (i.e., spatial composition of the region) as the
stain-on-texture phenomenon does.
In view of the blur-mediated depth ordering, scission (or depth
stratiﬁcation) based on edge blur may be promoted for either a
dark spot having a blurred edge on sharp (high-frequency) textures
or a dark spot having a sharp edge on blurred textures. Consis-
tently with these predictions, the present results showed that the
former conﬁguration produced a shadow percept and the latter
produced a dark-ﬁlter percept (Fig. 6b, left and center,respectively). In contrast, for the other combinations of edge and
texture blur, i.e., for either a sharp dark spot on sharp textures or
a blurred dark spot on blurred textures, scission based on edge blur
may be disrupted. The latter conﬁguration corresponds to the one
suitable for the stain-on-texture phenomenon. If the middle spa-
tial-frequency bands are important for processing the blur of tex-
tures (or region blur), the effects of spatial frequency on the
phenomenon can also be understood. The former conﬁguration, a
sharp dark spot on sharp textures, would be ambiguous in blur-
mediated depth ordering. Thus, other cues such as textural conti-
nuity and contrast relationships of contour junctions (Anderson
et al., 2006; Gilchrist, 1988; Lotto & Purves, 2001) would determine
how it is perceived. If the stain-on-texture phenomenon is related
to blur-mediated depth ordering, investigating the spatial interac-
tion between edge blurriness and background texture using nar-
rower blur widths would be important, because blur widths of
much less than 200 have been used in the studies on blur-mediated
depth ordering. In fact, the present studies showed that the illumi-
nation-edge interpretation changes to the reﬂectance-edge inter-
pretation when the blur width is at some point below 200.
Determining this transition point while varying the spatial fre-
quency of the background texture would provide further cues to
the nature of spatial interaction underlying the stain-on-texture
phenomenon.
The stain-on-texture phenomenon implies that edge blurriness
is a weak cue for the illumination-edge interpretation (see also
Arend, 1994; Gilchrist, 2006; Kingdom, 2008). Most natural objects
have some texture on their surfaces and thus reliable cues for
luminance-edge classiﬁcation should work with various surface
textures. However, the stain-on-texture phenomenon indicates
that edge blurriness is effective only with limited types of textures.
Indeed, in most studies on edge blurriness, a dark blurred region
was placed on spatially uniform ﬁelds (Elder et al., 2004) or coarse
textured backgrounds (Adelson, 1995; Agostini & Galmonte, 2002;
Hillis & Brainard, 2007). A blurred edge can be produced not only
by an illumination change but also by other factors, e.g., poor
accommodation or speciﬁc material changes such as seen in stains.
Edge blurriness might support the illumination-edge interpreta-
tion only when these other factors are unlikely causes of the dark
spot.
Finally, it is also conceivable that the stain-on-texture phenom-
enon is related to the perception of material properties of textured
backgrounds. It has been shown that at least some material prop-
erties are characterized by speciﬁc spatial-frequency components
of the surface (Bex & Makous, 2002; Giesel & Zaidi, 2013). For
example, Giesel and Zaidi (2013) showed that the apparent water
absorbency of a surface could be related to the apparent thickness
of the surface, and that the apparent thickness in turn could be
modulated by changing the relative energy of the frequency band
of 8–15 c/image. This band is close to the 6–24 c/image that was
shown to be a critical band for producing the stain-on-texture phe-
nomenon in the present study. The effects of middle spatial-fre-
quency components may be associated with apparent water
absorbency, and thus the perception of a stain is promoted on
proper textured backgrounds.
In summary, while investigating the combined effects of multi-
ple cues for luminance-edge classiﬁcation, we found a new phe-
nomenon called ‘‘stain on texture’’, in which a blurred dark spot
on textured backgrounds appears stained or painted rather than
differently illuminated. We believe that multiple levels of visual
processes contribute to this phenomenon: one mainly concerns
low-level features such as spatial-frequency components and
another is a higher level process that takes into account the likeli-
hood of ‘‘spot shadow’’ conﬁguration in natural scenes. The present
ﬁndings indicate a complex interaction across multiple cues for
luminance-edge classiﬁcation in natural viewing conditions, and
220 M. Sawayama, E. Kimura / Vision Research 109 (2015) 209–220thus further research is needed to better understand this multiple
cue integration.
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